a DNase I cut site was incorrectly given as a 3' phosphate. The liberation of fragments with 3' hydroxyls by this enzyme makes the charge of these fragments the same as that of those liberated by T4 polymerase-exonuclease. The latter fragments differ only by the presence of a PD (cyclobutane pyrimidine dimer) at the 3' end.
UV-induced pyrimidine dimers. This assay is extremely sensitive since all DNA fragments without photoproducts (background) are reduced to small oligonucleotides, which can be separated from those fragments containing photoproducts. The results show that the distribution of UV-induced photoproducts (primarily cyclobutane dipyrimidines) is not uniform throughout core DNA but displays a striking 10.3 (± 0.1) base periodicity. Furthermore, this characteristic distribution of photoproducts was obtained regardless of whether nucleosome core DNA was isolated from UV-irradiated intact chromatin fibers, histone H1-depleted chromatin fibers, isolated mononucleosomes, or cells in culture. The yield of pyrimidine dimers along the DNA seems to be modulated in a manner that reflects structural features of the nucleosome unit, possibly core histone-DNA interactions, since this pattern was not obtained for UV-irradiated core DNA either free in solution or bound tightly to calcium phosphate crystals. Based on their location relative to DNase I cutting sites, the sites of maximum pyrimidine dimer formation in core DNA mapped to positions where the phosphate backbone is farthest from the core histone surface. These results indicate that within the core region of nucleosomes, histone-DNA interactions significantly alter the quantum yield of cyclobutane dipyrimidines, possibly by restraining conformational changes in the DNA helix required for formation of these photoproducts.
Irradiation by UV light produces a variety of lesions in cellular DNA, which, if unrepaired, may have lethal, mutagenic, or carcinogenic effects (1) . The major lesion produced is the cyclobutane pyrimidine dimer (PD) formed between adjacent pyrimidines (2, 3) , and the photochemistry of the formation of this lesion has been studied in detail (3) . Several other photoproducts are also formed to a lesser extent. Among these are the pyrimidine-pyrimidone(6-4) adducts, which may play an important biological role since they have been shown to correlate with some mutational "hot spots" in specific DNA sequences (4) .
Since the "target" for PD formation in intact cells is DNA folded into the compact structure of chromatin (for reviews on chromatin structure, see refs. 5 and 6), it is important to understand the influence of this packaging on the distribution of UV photoproducts, especially since the location of these lesions may be a significant factor in determining their removal by repair enzymes (7) (8) (9) . Several studies have indicated that, at the level of total genomic DNA, PD form randomly (8) (9) (10) , indicating that there is no significant bias between large domains of chromatin. Indeed, Hanawalt and coworkers have shown that the yield of PD in a DNA of African green monkey cells and amplified DNA in Chinese hamster cells (containing the transcriptionally active dihydrofolate reductase gene) is very similar to the yield determined for the bulk of the DNA in chromatin (8, 9) . Studies have also been performed at the nucleosome level of chromatin, focusing on the distribution of PD between nucleosome core DNA and linker DNA (11) (12) (13) . The results ofthese studies indicate that the distribution of PD is essentially uniform between these two regions of the nucleosome unit at low to moderate UV doses. Thus, the studies to date indicate that chromatin structure has little effect on formation of PD in cellular DNA following irradiation with UV light. Recent work in our laboratory indicates that, in cultured human fibroblasts, "repair patches" inserted during early times after UV irradiation are not uniformly distributed in nucleosome core DNA (7). Using exonuclease III as a probe, it was determined that the 5' and 3' end regions of core DNA are markedly enhanced in repair-incorporated nucleotides. A best-fit analysis of the data indicated that an "50-base central region of core DNA (between positions 62 and 114 from the 5' end) could be devoid of newly synthesized repair patches (7) . Since this nonuniform distribution could result from either less efficient repair in the central region of nucleosomes or a nonuniform distribution of UV-induced lesions in core DNA, it was of immediate interest to "map" the location of these lesions within core DNA at the single nucleotide level. Therefore, we have examined the distribution of UV-induced photoproducts in 146-bp nucleosome core DNA prepared from bovine thymus and human cells in culture. The assay used is based on the method outlined by Doetsch et al. (14) , which has been used to map the distribution of UV-induced photoproducts in a 43-base-long restriction fragment. This method utilizes the 3'--5' exonuclease activity of T4 polymerase, which has been shown to terminate digestion quantitatively at PD and pyrimidinepyrimidone(6-4) products (14, 15) . Our results indicate that the distribution ofPD is not uniform in core DNA but displays a striking 10.3-base periodicity. Furthermore, the "amplitude" of this periodicity is modulated in a way that may reflect the nature of histone-DNA interactions and the inherent structure of the nucleosome. These results are in general agreement with an earlier report that lac repressor binding was able to alter the frequency of UV-induced photoproduct formation in lac promoter DNA (16) .
MATERIALS AND METHODS
Chromatin and Mononucleosome Preparation. Nuclei were prepared from steer thymus as described (17) (7), followed by irradiation with UV light (as described for the chromatin fibers).
In experiments using whole cells, confluent normal human fibroblasts (strain AG1518) were grown in culture as described (21) . The cells were rinsed once with ice-cold 0.15 M NaCl, irradiated with UV light (50 J/m2), and harvested immediately. Nuclei were prepared as described (22) , suspended in 0.25 M sucrose/10 mM Tris, pH 7.8/0.1 mM CaCl2, and digested to predominantly mononucleosomes with staphylococcal nuclease at 37°C (7).
DNA Preparation. Mononucleosome preparations were digested with proteinase K at 42°C for 2 hr, and core DNA was isolated by electrophoresis in preparative 2.8% agarose slab gels (7). The DNA was visualized by ethidium bromide staining, and the 146-bp core DNA band was excised from the gel. The DNA was electroeluted into a 7.5 M ammonium acetate cushion using a preparative electroelution apparatus (International Biotechnologies, New Haven, CT), extracted four times with water-saturated isobutyl alcohol, and ethanol precipitated. The DNA was dissolved in TE buffer and incubated with calfintestinal phosphatase (Boehringer Mannheim) as described (23 (25) , which yields a characteristic "footprint" of core histone binding (27, 28) . The mononucleosomes were 5'-end-labeled prior to digestion according to Lutter (27 core DNA is UV-irradiated as naked DNA, a much more uniform distribution of photoproducts is observed (lane 9). This result demonstrates that the periodic distribution evident in UV-irradiated chromatin does not reflect a sequence preference in core DNA, whether inherent (29) or due to the isolation procedure used (30) (see Discussion). Digestion of unirradiated core DNA (lane 4) results in complete digestion by T4 polymerase down to limit digest products <12 bases long and demonstrates the absolute dependence on UV irradiation for blockage of the exonuclease activity (14) . For this latter sample, the NENSORB column step was omitted so that the limit digestion products could be seen (see Materials and Methods). Also, for comparison, we have included in Fig. 1 a typical DNase I digestion pattern of isolated mononucleosomes labeled at the 5' end prior to digestion (lane 7). This digestion pattern has been studied in detail and shown to be characteristic for nucleosome core DNA (26) (27) (28) . Based on the migration of (unirradiated) sequenced DNA fragment markers, the locations of the highest frequency cutting sites were in perfect agreement with the values obtained by Prunell et al. (26) .
Similar experiments were also performed with isolated mononucleosome core particles and intact cells in culture. Mononucleosomes were prepared to examine a better defined population of DNA and to determine whether the core particle itself was sufficient to yield the unique pattern of photodamage seen in large chromatin fibers. Thus, mononucleosomes were prepared and irradiated with UV light (500 J/m2) in the same manner as described for chromatin. Whole cells were used to determine whether the same distribution of photoproducts occurs in nucleosomes of intact cells. In these experiments, confluent human fibroblasts were irradiated with UV light (50 J/m2) (_1 PD per 15 nucleosomes; ref. 8) and harvested immediately (to prevent repair of photoproducts). Nuclei were then prepared and core DNA was isolated. In each case, the core DNA was end-labeled and digested with T4 polymerase in the same manner as core DNA derived from chromatin fibers. In Fig. 2 , we show densitometric scans of autoradiograms obtained from these experiments. From comparison of these scans, it is apparent that a similar distribution of photoproducts is obtained whether core DNA is isolated from UV-irradiated chromatin, mononucleosomes, or cells in culture. Furthermore, we have performed this experiment on intact chromatin fibers using UV doses as low as 5 J/m2 and observed similar PD distributions (data not shown).
The most striking feature evident in Figs. 1 and 2 is that the distribution of photoproducts in core DNA isolated from UV-damaged chromatin displays a characteristic pattern remarkably similar in periodicity to the DNase I digest of mononucleosomes. Analysis of this distribution reveals a periodicity of 10.3 ± 0.1 bases (average of 8 different preparations), which is very similar to the periodicity of the most frequent DNase I cutting sites (Fig. 3) . However, as shown in Fig. 1 , the maximum PD-forming sites appear to be shifted by 3-5 bases from the most frequent DNase I cutting sites (compare lanes 6 and 7). Part of this shift results from differences in the 3' end of the fragments generated in each case. The DNase I digestion yields fragments with a 3' phosphate, whereas T4 polymerase terminates at the 3' side of PD and (6-4) dimers leaving a 3' hydroxyl (14 fragments generated by T4 polymerase digestion migrate slower on these gels than the same length fragments generated by DNase I. To correct for this difference in mobility, we have mapped the PD locations in core DNA using marker fragments generated by T4 polymerase digestion of the 235-bp Bgl I restriction fragment of pBR322 after irradiation of this fragment with UV light (500 J/m2), as described above (Fig. 1, lane 8) . Using these fragments as markers for the T4 polymerase digestion profiles, the sites of maximum PD formation map to within 2 bases 3' of the DNase I sites (Fig.  2A) . It has been proposed by Lutter and coworkers (26) (27) (28) that the DNase I pattern is diagnostic for the orientation of the DNA helix around the nucleosome core particle and that the locations of the highest frequency DNase I cutting sites are 1 base 5' to the sites of maximum exposure of the DNA backbone (ref. 27 ; although see ref. 32 for an alternative interpretation). Therefore, based on their position relative to the DNase I cutting sites, PD formation is maximal where the DNA backbone is farthest (± 1 base) from the surface of the core particle and minimal where the backbone faces the core histone surface.
Within the distributions we also observe an increase of band intensity toward the 5' end ofthe DNA (e.g., see Fig. 2A ). This, however, varies between experiments and probably arises from single-strand nicks present in our nucleosome preparations. Since the core DNA in our experiments was isolated on native agarose gels (i.e., as double-stranded DNA), but digested with T4 polymerase as single-stranded DNA (T4 polymerase is more active on single-stranded DNA), any nicks would result in a "weighting" of the labeled 5' end of the DNA. Although we do not believe this presents a significant problem in the interpretation of our results, preliminary experiments suggest that the use of denaturing polyacrylamide gels for core DNA isolation alleviates this effect.
Another feature in the distribution ofphotoproducts in core DNA is that the -10 base ensemble intensities are not uniform but vary in a characteristic and reproducible manner (e.g., see Fig. 2 ). A comparison of this distribution with the dyad axis, highest frequency DNase I cutting sites, and regions where the DNA is thought to bend is shown in Fig.   2A . Interestingly, the ensemble intensity is lowest in the region of the dyad axis of the nucleosome.
DISCUSSION
We have presented evidence that the major UV-induced photoproducts have a unique distribution in 146-bp nucleosome core DNA. The frequency of formation of photoproducts oscillates along the core DNA with an average periodicity of 10.3 ± 0.1 bases. This periodicity is similar to the average repeat reported for the DNA helix in core particles by Prunell et al. (26) . [However, more recently, Klug et al. (33) have argued that the helical repeat in core DNA is closer to 10.0 bases.]
The positions of maximum formation of PD are located (within 1 base) where the DNA backbone is predicted to be farthest from the surface of the core histones (26, 27, 31) . Photoproduct formation is minimum at locations where the DNA backbone is predicted to face the nucleosome surface. In addition, the relative intensities of this distribution are modulated in a characteristic way. Since similar patterns of peak intensities were observed for core DNA isolated from UV-irradiated bovine thymus chromatin (intact or depleted of histone H1), UV-irradiated mononucleosomes, and UVirradiated human cells in culture, the unique pattern of photodamage presented here is probably a general feature or "photofootprint" of DNA bound to core histones in nucleosomes.
The T4 polymerase associated 3'-*5' exonuclease is blocked by both PD and (6-4) pyrimidine-pyrimidone dimers (14, 15) , and possibly other untested photoproducts. Since PD are the most prevalent adducts formed in DNA by UV-radiation at 254 nm (3), they probably contribute most to the observed pattern in core DNA. Histone-DNA crosslinks caused by UV irradiation occur at an extremely low yield compared to PD (34, 35) and, therefore, are expected to have little influence on the distribution. The (6-4) photodimers are formed with an overall yield of -1/10th that of PD, although considerable variation has been observed in specific sequences (3, 36, 37) . We have attempted to specifically map the location of(6-4) photodimers in our core DNA samples by using hot alkali treatment, which has been shown to cleave the DNA backbone at these sites (14, 38) . Preliminary results suggest that the products are distributed randomly in core DNA and are present at a much lower yield than PD (data not shown); however, more work is required to conclusively define their distribution. Thus, the distribution we report here most likely reflects only the distribution of PD in core DNA.
The data presented in this report indicate that the frequency of PD formation is reduced where the DNA backbone faces the core histones. One explanation for this result is that the binding of core histones to DNA physically restrains the formation of PD. Indeed, formation of PD requires a significant change in the orientation of adjacent pyrimidines from the normal B conformation and local deformation of the DNA helix (39) (40) (41) . The binding of histones may restrict movement in the DNA backbone making dimer formation in that region less favorable. This effect could be further enhanced by energy transfer in the DNA (42) , following absorption of photons in more constrained locations, to less physically constrained regions (i.e., where the DNA backbone is farthest from the histone surface). Although the extent of energy transfer in UV-irradiated DNA at physiological conditions is uncertain, transfer of energy over 2-5 bases appears to be a reasonable estimate (3, 43, 44) . If this is correct, regions where dimer formation is less constrained may act as "energy sinks" for uniformly absorbed UV radiation.
Using a chemical method to detect UV-induced photoproducts, Becker and Wang (16) the efficiency of photoproduct formation in the region of the lac promoter known to bind strongly to the repressor by other methods (16) . In view of this, the modulated pattern of PD formation seen in nucleosome core DNA may reflect individual histone-DNA binding contacts. For example, the lowest frequency of PD formation is observed in the region of the dyad axis where multiple histone contacts occur (45) .
The types of protein-DNA interactions required to alter PD formation are not known. In the case of nucleosomes, it appears that the protein-DNA interactions are not purely electrostatic. Strong histone-DNA binding probably results from a unique "ringed-structure" salt bridge between the guanidinium groups of arginine residues and the DNA phosphate groups (46, 47) . Such a structure, due to its double hydrogen bonding with phosphate, could impose significant restrictions on the movement of the DNA backbone required for PD formation (39) (40) (41) . We have attempted to ascertain whether simple electrostatic interactions are sufficient to alter the formation of PD. When core DNA was bound to calcium-phosphate crystals prior to UV irradiation, no detectable periodicity was seen in the T4 polymerase digests (data not shown). This result suggests that a more specific interaction is required to alter the photoproduct formation.
Close examination of the UV-irradiated DNA controls in our experiments reveals a slight periodicity of PD formation (Fig. 2) . While these differences in intensity are indeed small, they do suggest that the sequence of our isolated core DNA samples is not entirely random. This observation is in agreement with recent work examining the sequence of isolated 146-bp core DNA from chicken erythrocyte chromatin (29) . These studies indicate the DNA in nucleosomes is slightly enriched in sequences that tend to promote DNA bending around the nucleosome core (see also refs. 48 and 49).
The results of this study change our previously held belief that UV-induced PD form randomly in chromatin DNA (see Introduction). The presence of the majority of PD on the "outer surface" of nucleosome DNA could be a significant factor in the recognition and removal of these lesions by repair enzymes. Indeed, the well-known observation that PD are removed with biphasic kinetics in whole cells (50) may reflect (at least in part) this nonuniform distribution. Furthermore, our recent observation that newly synthesized repair patches are preferentially located in the 5' and 3' end regions of nucleosome cores (7) may also be explained by the distribution of PD reported here. However, further experimentation is required before we can address these possibilities.
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